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PROJECT  SUMMARY 


Research  accomplishments  on  this  project  during  the  research  period 
88-89  are  In  three  distinct  areas:  Infiltration  kinetics,  wettability 
studies,  and  predictions  of  Interfaclal  properties.  These  areas  will  be 
presented  In  three  separate  sections. 

Section  1  -  Infiltration  Kinetics: 

Infiltration  studies  were  based  on  the  porous  compact  experiments. 

Our  earlier  research  efforts  (1,2)  have  established  the  existence  of  an 
Incubation  time  before  any  Infiltration  can  be  Initiated.  A 
pre-conditioning  reaction  model  was  hypothesized  to  explain  the  Incubation 
time.  The  rate  equation  for  pre-conditioning  was  experimentally 
established.  Also,  a  threshold  pressure,  the  minimum  pressure  required 
for  Infiltration  after  Incubation,  was  estimated. 

Section  2  -  Wettability  Studies: 

Vettablllty  studies  are  based  on  surface  tension  measurements  from 
the  capillary  rise  experiment.  A  theoretical  analysis  was  made  to 
correlate  the  observed  variation  In  Interfaclal  tension  from  alloying 
additions.  The  oxide  layers  on  the  ceramic  and  the  molten  metal  were 
found  to  have  a  strong  Influence  on  the  wetting  behavior  at  the  interface. 


A  novel  theoretical  model  that  predicts  the  Interfaclal  properties 
prior  to  fabrication  was  developed.  A  key  aspect  of  this  approach  was  the 
Incorporation  of  an  established  optical  technique  to  determine  the  surface 
properties  of  a  solid.  Calculated  Interfaclal  bond  energies  of  pure 
metals,  Cu-Zn  alloys,  and  Al-SlC  Interfaces  are  presented. 

The  results  from  all  these  experiments  are  simultaneously  being  sent 
for  publication. 
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1 . 0  INFILTRATION  KINETICS 


l.l\  Background 


e  theoretical  model  and  the  experimental  setup  used  for  porous 


compact  studies  are  described  in  the  previous  reports  (1,2).  In  this 
phase  of  the  study,  imsintered  compacts  of '^40/im-diam.  a-SiC  --  -i '  r- 
particles  were  infiltrated  with  pure  aluminum.  The  infiltration  distance, 
the  distance  to  which  the  liquid  metal  penetrates  the  porous  compact,  was 
measured  as  a  function  of  time  for  different  temperatures  and  pressures. 
The  results  are  plotted  as  Infiltration  distance  versus' (time) (Figs . 
l.l-1.5)-'^n  accordance  with  a  theoretical  analysis  previously  reported., 
(3).  XA  least  square  analysis  was  carried  out  to  fit  a  straight  line 
through  the  data  points.)  ^  .  r’  a*/'  '  n  '  o 


■  1 


1.2  Discussion 

1.2.1  Incubation  Studies 

The  minimum  time  required  for  the  initiation  of  infiltration,  termed 
here  the  incubation  time,  can  be  estimated  from  data  such  as  those  shown 
in  Figs.  1.1-1. 5  by  extrapolating  the  line  to  zero  Infiltration  distance. 
The  physical  significance  of  the  incubation  time  has  been  previously 
explained  to  be  associated  with  pre-conditioning  the  infiltration  front  by 


means  of  vapor  condensation  (2). 

At  a  constant  pressure,  the  Inverse  of  Incubation  time  (rate  of 
pre-conditioning)  was  found  to  depend  exponentially  on  temperature  of 
infiltration.  This  is  indicative  of  an  activation  controlled  rate 


mechanism. 


Figure  l.I  Infiltration  distance  versus  (time)^/^  for  aluminum  in  SiC 
at  15  psi  (103  kPa). 


(172  kPa) 


(UJIU)  33NViSia  NOIlVtiilldNI 


Figure  1.2  Infiltration  distance  versus  (tlme)^^^  for  aluminum  In  SiC 
at  25  psi  (172  kFa) . 
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Figure  1.3  Infiltration  distance  versus  (time)^'^  for  aluminum  in  SiC 
at  30  psi  (207  kPa). 
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Lgure  1.4  Infiltration  distance  versus  (tlme)^/^  for  aluminum  in  SIC 
at  35  psl  (241  kPa). 
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Assuming  the  preconditioning  reaction  to  be  of  first  order,  an 
Arrhenius  equation  can  be  used  to  calculate  the  activation  energy: 

1/t^  -  A  [exp  (-Q/RT)]  (1.1) 

where:  t^  -  Incubation  time,  A  -  pre- exponential  factor,  R  -  gas 

constant,  T  -  absolute  temperature  (°K). 

It  is  apparent  from  the  above  equation  that  the  thermal  activation 
energy  (the  value  Q  in  Eqn.  1.1)  can  be  obtained  from  a  semi-log  plot  of 
pre-conditioning  rate  (1/t)  versus  inverse  temperature  (1/T) ,  as  shown  in 
Fig.  1.6.  The  activation  energy  was  calculated  to  be  14.1  kcal./mole. 

The  constant  'A'  in  the  equation  represents  a  normalized  pre-conditioning 
rate  that  does  not  depend  on  temperature. 

The  rate  of  pre-conditioning  was  found  to  depend  sensitively  on  the 
pressure  of  infiltration.  The  pressure  dependence  is  shown  clearly  in 
Fig.  1.7,  where  the  pre-conditioning  rate,  noirmalized  by  the  temperature 
dependence  (Eqn.  1.1)  is  plotted  versus  the  applied  pressure.  Clearly, 
pressures  in  excess  of  30  psi  (207  kFa)  strongly  increased  the  Incubation 
rate.  In  an  attempt  to  quantify  this  dependence,  the  experimental  data 
were  compared  to  an  equation  of  the  form: 

1/t^  -  k  AP"  (1.2) 

A  log-log  plot  of  normalized  rate  of  pre-conditioning  versus 
infiltration  pressure  (Fig.  1.8)  was  constructed  to  determine  the  exponent 
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Figure  1.7  Temperature  independent  normalized  rate  versus  applied 
pressure  £or  aluminum  In  SIC. 


Normalized  rate  versus  applied  pressure  on  a  natural 
logarithm  plot.  Used  to  determine  exponent  in  Equ. 
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n  in  Eqn.  1.2.  Two  distinct  regimes  of  pressure  dependence  can  be 
inferred  from  this  plot.  For  applied  pressures  lower  than  30  psi.  (207 
kpa) .  the  exponent  was  estimated  to  be  2.9.  However,  for  applied  pressure 
greater  than  30  psi  (207  kpa)  the  pressure  exponent  was  found  to  be  7.2. 

1.2.2  Infiltration  Studies 

The  parabolic  time  dependence  of  infiltration  was  theoretically 
addressed  in  the  work  of  Martins,  et  al.  (3),  and  has  been  verified 
experimentally  by  Maxwell  (4)  and  Seitz  (5): 

h  -  A  t^/2  (13) 

where  h  -  infiltration  distance,  A  >-  constant,  and  t  -  time. 

Theoretical  analysis  (3)  shows  the  constant  'A'  in  the  above  equation 
to  be  given  by: 


A  -  (2/K^t,)^/^  (AP  (1-^) 

where,  k^  »  constant  related  to  the  porosity  of  the  compact  and  the 
particle  diameter,  and  »  threshold  pressure.  The  threshold  pressure 
is  that  dynamic  value  of  applied  pressure  required  to  overcome  the  wetting 
resistance  and  the  fluid  static  head  after  infiltration  has  begun,  and  is 
not  to  be  confused  with  the  pressure  required  to  negate  incubation. 

Equation  1.3  was  used  to  experimentally  estimate  the  threshold 
pressure.  The  value  A,  taken  from  the  infiltration  distance  versus 
(tlme)^/^  plots  (Figs.  1.1- 1.5),  was  plotted  against  the  infiltration 
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pressure.  Using  the  slope  and  intercept  from  these  plots  (Fig.  1.9)  the 
threshold  pressures  for  different  temperatures  were  calculated.  The 
temperature  dependence  of  threshold  pressure  is  sho%m  in  Fig.  1.10. 

This  temperature  dependence  can  be  rationalized  by  asstuning  that  the 
infiltration  front  proceeds  with  the  establishment  of  a  localized 
equilibriiun  between  the  altunlntun  liquid  and  the  SiC  substrate: 


+  SiC  -  Al/SlC 


(1.5) 


At  equillbritun,  Gibbs  free  energy  for  the  reaction  can  be  related  to  an 
equlllbrltun  constant  K; 


AG°  -  -RT  In  (K) 


(1.6) 


where  the  constant  K  is  inversely  proportional  to  the  partial  pressure  of 
aluminiun: 


K 


k'/P 


A1 


(1.7) 


The  partial  pressure  of  alrunlnum  can  be  assumed  to  be  proportional  to 


the  threshold  pressure: 


THRESHOLD  PRESSURE  (kPa) 
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Therefore , 


AG°  -  -RT  In  (k'/P.u) 

CZl 


(1.9) 


If  AGq  Is  assumed  to  be  linearly  dependent  on  temperature  the 
following  temperature  dependence  for  threshold  pressure  is  predicted : 


In  +  a^/T  (1.10) 

Figure  1.11  shows  the  semi-logrithm  plot  of  versus  Inverse 
temperattire . 

1 . 3  Cone  fusions 

In  conclusion,  the  results  from  this  study  can  be  stimmarized  as 
follows : 

1.  The  incubation  process  for  infiltration  of  silicon  carbide 
particles  with  alumlntim  obeys  the  phenomenological  equation; 


Rate  -  AP"  [exp(-Q/RT)] 

where:  n  -  2.9  (10  psi  <  AP  <  30  psi) 
n  -  7.2  (30  psi  <  AP  <  45  psi) 


Q  -  14,1  kcal/mole 


Threshold  pressure  versus  inverse  temperature 


2.  The  observations  which  characterize  the  Incubation  phenomenon 
are  consistent  with  capillarity- driven  aluminum  vapor 
condensation,  which  pre-conditions  the  silicon  carbide  surfaces 
at  the  Infiltration  front. 

3.  The  threshold  pressure  for  Infiltration  of  silicon  carbide 
particles  with  altunlnum  Is  temperature  sensitive,  varying  from 
17.3  kPa  at  670®C  to  zero  at  850“C. 

4.  The  temperature  dependence  of  the  threshold  pressure  can  be 
expressed  by  the  form: 

In(P^h)  -  ^  ^  "2/'^ 
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2.0  WETTABILITY  MEASUREMENTS 


2 ■ 1  Previous  Results 

The  experimental  setup  and  the  methodology  used  for  surface  tension 
measurements  are  described  elsewhere  (1) .  Measurements  of 
7^^cos^  for  pure  aluminum  and  various  aluminum  alloys  were 
previously  reported  (1),  and  are  shown  again  in  Fig.  2.1.  Each  point  on 
the  plot  represents  an  average  of  at  least  five  tests;  the  experimental 
scatter  for  each  data  point  is  within  the  dimensions  of  the  symbol  and 
error  bands  are  therefore  not  shown.  All  of  the  metal/ceramic  systems 
shown  are  non-wetting,  and  hence  7^^cosfi  is  negative. 

The  dashed  lines  represent  7^^cos^  for  on  SiC  and 

on  Si02  as  calculated  from  measured  values  of  7^^  and 
contact  angles  found  in  the  literature.  Since  SiC  is  reported  to  oxidize 
and  form  Si02i  it  is  not  unreasonable  to  ass\ime  that  the  macroscopic 
surface  of  SiC  assximes  a  combination  of  both  SIO2  and  SiC  regions.  Our 
measured  7^^cos^  values  of  pure  aluminiim  on  SiC  lie  between  the 
calculated  values  for  pure  aluminum  on  SIC  and  the  value  for  aluminum  on 
Si02. 

Except  for  the  Al-Bi  alloy,  the  magnitude  of  7^^cos? 
decreases  with  increasing  temperature.  As  compared  to  pure  aluminum  at  a 
given  temperature,  the  additions  of  lithium  and  magnesitim  decrease  the 
magnitude  of  7^^cosd,  whereas  silicon  has  little  effect  on 
7^^cos^.  Though  7^^  decreases  with  increasing  temperature 
for  most  metals,  and  can  also  decrease  with  increasing  solute  additions  of 
a  lower  surface  tension  (according  to  the  Gibbs  absorption  isotherm) , 
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additions  of  lithium  and  magnesium  to  pure  aluminum  increase  the  tendency 
of  the  melt  to  wet  the  SiC  surface. 

2.2  Theoretical  Development  of  -y^^costf 

The  general  cases  for  a  liquid  metal  in  contact  with  a  ceramic 
substrate  are  shown  in  Figs.  2.2(a)  and  2.2(b).  Wetting  and  non-wetting 
refer  to  the  situations  where  the  contact  angle,  is  either  less 
than  90“  (the  former)  or  greater  than  90"  (the  latter).  A  balance 
of  the  surface  tension  forces  shown  in  Fig.  2.2  results  in  the  familiar 
Young  equation: 


Iv 

7  cos6 


sv  si 
7  -  7 


In  this  eqtiation,  7^^,  7*^,  and  7®^  are  the  corresponding  surface  tensions 
(surface  free  energies)  for  the  liquid/vapor,  solid/vapor,  and 
solid/liquid  interfaces  respectively.  The  conventional  approach  is  to 
measure  7^^,  9,  and  7®^  and  determine  7®^  from  the 
difference . 

In  this  study,  y^^cosS  is  measured  directly  by  the 
technique  of  capillary  rise  and  then  compared  to  the  derived  quantities  of 
7®^  and  7®^.  The  7®^  valie  is  related  to  the  cohesive 
energy  of  a  compound,  and  can  be  indirectly  determined  from  optical 
absorption  measurements  for  ceramic  compounds,  as  discussed  in  Section  3.0 
of  this  report.  Values  for  7®^  are  difficult  to  measure 
experimentally.  Therefore,  the  calculations  made  in  this  report  are 


limited  to  values  available  in  the  literature  (2) . 


26 


WETTING  (0  <  90,  y^<  y®''  ) 


SL  METAL 


•  NON-WETTING  (0  >  90,  y®‘'>  X®''  ) 


METAL 


8  sU 


LV  SV  .  SL 

y  coso=  y  -  r 


Figure  2.2  Liquid  metal  on  ceramic  substrate,  a)  wetting,  b) 
non-wetting . 
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Theoretical  discussions  of  the  Interfaclal  energy  between  a  clean 
liquid  metal  and  a  clean  solid  ceramic  material  are  not  thoroughly 

cl 

developed.  Mledema  (3)  presents  a  fundamental  Interpretation  of  7 
for  liquid  metals  In  contact  with  solid  metals  and  this  analysis  will 
provide  a  basis  for  metal/ceramic  material  interfaces.  According  to 
Mledema,  7  Is  comprised  of  three  terms: 


2) 

3)  73^ 


-  enthalplc  contribution  of  the  crystal  (solid) 

-  Entropy  decrease  caused  by  ordering  of  liquid 
atoms  near  the  solid  Interface. 

-  chemical  interaction  between  melt  and  crystal 


cl  S 1- 

The  earlldst  account  of  7  is  from  Skapskl  (4),  where  7®  is 

proportional  to  the  latent  heat  of  melting;  e.g.  a  fraction  of  the  surface 

atom's  bonding  is  structurally  disordered,  similar  to  concepts  of  a 

sl 

liquid,  rather  than  crystal  bonding  and  is  Included  in  the  7 

Ewing  (5)  later  incorporates  another  term  7*  ,  to  account  for  the 

entropy  deficit  of  the  melt  in  the  region  of  the  interface.  Although  the 

first  two  terms  can  adequately  predict  interfacial  energies  for  pure 

s  1 

metals  in  contact  with  their  own  melts,  another  term,  73  .  to  be 
Included  in  the  dissimilar  metal  case  to  account  for  any  possible 
interaction  effects. 

Mledema  successfully  described  this  interaction  effect  for  the 
dissimilar  metal  case  by  relating  73^  to  the  enthalpy  of  mixing, 

AHjjj.  Since  a  number  of  metal  binary  systems  follow  'regular' 
solution  theory  and  exhibit  reasonable  mutual  solubility  in  the  other 
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component,  the  predicted  7^^  values  of  Mledema  were  In  good 
agreement  with  the  measured  values. 

For  liquid  metals  in  contact  with  solid  ceramics,  the  interaction 
parameter  is  more  adequately  described  in  terms  of  the  enthalpy  of 
reaction  since  mut\ial  solubilities  are  very  low.  A  positive  contribution 
relates  to  an  endothermic  reaction  (no  Interaction) ,  and  a  negative 
contribution  relates  to  an  exothermic  reaction  (favorable  interaction) . 

The  effect  of  this  interaction  term  is  best  understood  in  the  context 
of  the  7^^cos5  expression.  Substituting  in  all  the  terms  for 


Iv 

7 


cos6 


sv 

7 


AH, 


[C,  (- 


,2/3 

'm 


,2/3 

m 


)  +  c 


2  „2/3 


m 


For  a  given  ceramic  substrate  and  temperature ,  7®^  and  of 

the  crystal  are  independent  of  the  contacting  molten  metal.  Likewise,  the 

magnitude  of  the  'entropy  term',  C2T/Vjjj,  is  a  function  of  the  molten 

metal  and  not  the  type  of  solid  substrate.  If  the  theoretical  development 

is  correct,  the  magnitude  and  sign  of  7^^cosS  is  strongly 

affected  by  the  interaction  term,  AH^. 

As  an  example,  consider  the  aluminum  liquid/silicon  carbide  crystal 

system  at  1000“K.  A  measured  value  for  the  7®^  of  /9-SiC  is 
2 

2180  mJ/m  (6) .  Theoretically  calculated  values  for  different  SiC  faces 

(planes)  range  from  2600  to  5300  mJ/m  (7).  An  assumed  value  of  3000 
2 

mJ/m  for  a  SIC  surface  that  contains  fine-grained,  randomly  oriented 


crystals  is  used  for  this  exercise. 
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The  enthalpy  term,  L£,  is  related  to  the  latent  heat  of  fusion  of 
the  crystal.  SIC  does  not  melt,  but  rather  dissociates  or  decomposes  into 
solid  graphite  and  liquid  silicon  at  3280‘’K.  The  enthalpy  of 
decomposition  for  this  reaction  is  27.9  kcal/mole  (8).  Since  the  test 
temperature  of  1000°K  is  well  below  the  SiC  decomposition  temperature, 
an  extra  enthalpy  term  is  included  which  is  proportional  to  the  heat 
capacity,  Hjjj  p  -  H.j,.  The  calculated  enthalpy  contribution  from  the 

O 

crystal  then  is  1094  mJ/m  . 

The  entropy  deficit  contribution  from  the  alumintom  melt  is  related  to 

the  temperature  and  the  molar  volvime  of  the  aluminum.  This  contribution 

2 

is  on  the  order  of  112  mJ/m  . 

Finally,  for  the  interaction  parameter,  assuming  limited  solubility 
and  the  following  chemical  reaction  with  pure  aluminum  liquid; 


4A1 


(1) 


+  3S1C 


<s) 


-->  Al.C,  + 
4  3 


3Si 


(1) 


AH. 


24.2  kcal/mole 


The  calculated 


Iv 

7  cos< 


would  be ; 


7^'^cose  -  3000  -  (1094+112+163)  -  1631  mJ/m^ 


Using  7^^  and  contact  angle  measurements  from  the  literature  (9), 

7^^cos5  is  not  only  smaller  than  the  calculated  1631  mJ/m^ 

(about  half),  but  of  the  opposite  sign.  The  measured  contact  angles  are 
greater  than  90°,  the  7^’'^cos^  term  is  therefore  negative. 
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A  more  plausable  interpretation  for  the  above  interaction  parameter 
is  to  assume  that  an  aluminum  oxide  is  present  rather  than  pure  molten 
aluminvim. 

Hence,  the  chemical  reaction  would  be: 


AI2O3  +  V2  SiC^^j  ->  1/2  A1^C3^^j  +  3/2  Si^^^  +  3/2  0^^^^ 


AH^  -  390  kcal/mole  -->  7*^  -  2632  mJ/m 


and  7^'^cos«  -  3000  -  3839  -  -839  mJ/m^. 


The  calculated  value  agrees  with  the  measured  7^^  and  cos^ 
values  from  the  literature  <10). 

In  metal/ceramic  systems,  a  major  contribution  to  the 
7^^cos5  term  can  come  from  the  chemical  interaction  term, 

whether  it  be  a  positive,  non-wetting  contribution  (i.e.  endothermic)  or  a 

negative,  wetting  contribution  (exothermic).  The  Incorporation  of  a 

s  1 

chemical  interaction  term  into  the  7  expression  is  not  surprising 
since  it  has  been  suggested  (11)  that  good  wetting  is  favored  by  the 
formation  of  chemical  bonding  at  the  interface. 


2.3  Discussion 
2.3.1  Pure  Altuninum 

The  calculated  value  of  7^^cos5  for  aluminum  on  SiC  at 
1000'’K  is  presented  in  Section  2.2  which  suggests  that  the  measured 
values  of  7^^cosd  from  the  literature  (9)  evaluate  aluminum 
oxide  in  contact  with  SiC  rather  than  pure  alviminum  metal  in  contact  with 


o 

a  SiC  substrate.  The  calculated  value  of  -839  mJ/m  agrees  fairly  well 

o 

with  the  measured  value  of  -630  mJ/m  in  this  investigation. 

Considering  the  value  of  7®^  (SiC)  assumed  in  the  calculation,  the 
agreement  is  reasonable. 

2.3.2  Magnesium  Addition 

Because  7^^  for  liquid  magnesiiim  is  less  than  7^^  for 
liquid  aluminum,  magnesixim  should  preferentially  segregate  to  the  surface 
of  the  alumintim.  If  pure  magnesium  were  to  react  with  silicon  carbide  at 
1000'‘K,  magnesium  slllcide  is  thermodynamically  more  stable  than 
magnesium  carbide.  However,  in  the  presence  of  oxygen  at  the  surface  of 
the  melt,  magnesium  oxide  would  form,  and  the  following  solid/liquid 
chemical  interaction  is  projected: 


2MgO  +  SiC  -->  Mg2Si  +  C  +  0^ 

AH^  -  286  kcal/mole  -->  7*^  -  3762  mJ/m^ 

and  hence,  7^^cos5  -  3000  -  3762  ■  -762  mJ/m^.  The  measured 

value  of  7^^cos^  at  1000°K  for  a  2  wt.  pet.  magnesium 

2 

addition  was  -515  mJ/m  . 

2.3.3  Lithitim  Addition 

Just  as  magnesitim  segregates  to  the  surface  of  liquid  alumintim, 
lithium  will  also  segregate  to  the  surface  of  alviminum.  In  the  presence 


of  lithium  at  1000°K,  silicon  carbide  will  react  to  form  a  lithium 


carbide  as  opposed  to  a  lithium  silicide.  With  oxygen  at  the  metal 
surface,  the  following  chemical  interaction  would  occur: 

LijO  +  2SiC  -->  Li2C2  +  281^^^^  +  I/2O2 

»■  186.5  kcal/mole  -->  7®^  -  3600  mJ/m^ 

and  therefore,  y^^costf  -  3000  -  3600  -  -600mJ/m^.  The 

1  V  9 

measured  y^^cosff  value  for  an  Al-2%  Li  alloy  was  -340  mJ/m^. 

2.3.4  Silicon  Addition 

The  addition  of  silicon  to  liquid  aluminum  is  considered  to  only 
affect  the  activity  of  liquid  silicon  in  the  following  reaction: 

AI2O3  +  3/2SiC  -->  1/2A1^C2  +  3/2Si^j^j  +  3/2  0^ 

As  the  activity  of  liquid  silicon  is  increased,  the  formation  of  aliiminvun 
carbide  is  less  favored  (i.e.  equilibriiim  shifted  to  the  left  or  the 
reactants  side).  The  addition  of  silicon  should  not  affect  the  enthalpy 
of  formation  of  the  reaction  and  hence,  the  response  of  the  Al-2%  Si  alloy 
should  be  similar  to  that  of  the  pure  alumlniim.  Referring  to  Fig.  2.1, 
the  measured  y^^cos^  for  the  Al-2%  Si  alloy  is  nearly  the  same 
as  the  measured  y^^cos^  for  pure  aluminum.  The  measured  values 
of  7^^cos5  at  1000  K  for  pure  aluminum  and  the  aluminum  alloys 
are  shown  in  Table  2 . 1  along  with  the  calculated  values . 
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TABLE  2.1  -  of  Molten  Al\unlnum  on  a-Sic 

(7^"^  -  3000  mJ/m^) 


Molten  Metal 

CALCULATED 
7®^  (mJ/mh 

(1000‘K) 

7'*-^  cosd 

MEASURED 

7^^  cos^  (inJ/m2) 

Pure  Altunlnum 

1370 

1630 

Alualnum  Oxide 

3839 

-839 

-630 

Alvunlnum/Magne  s  lum 

3762 

-762 

-515 

Alumlnvun/Llthlum 

3600 

-600 

-340 

In  the  event  a  stable  oxide  were  to  form  on  the  SIC  surface,  the 

Interfaclal  reaction  would  then  be  for  aluminum  on  a  quartz  substrate, 
sl 

For  SIO2,  the  7  term,  or  enthalpy  contribution  from  the  crystal, 

would  relate  to  the  melting  of  SIO2.  At  lOOO'K,  the  value  for 
sl  2 

7  Is  235  mJ/m  .  Assuming  oxygen  Is  present  at  the  liquid 

surface,  the  following  reaction  for  aluminum  oxide  on  quartz  Is  suggested: 

AI2O2  +  SIO2  -->  SlAl20^  AH^  -  -2  kcal/mole  -->  7®^  -  331  mJ/m^ 

Since  the  reported  (1)  surface  free  energy  for  SIO2  Is  approximately  300 

mJ/m^,  7^^cosd  ■  300  -331  -  -31  mJ/m^;  a  non-wetting 

system.  The  corresponding  contact  angle  for  -  -31 

mJ/m^  Is  -92®.  In  the  literature  (12),  a  contact  angle  of  126“ 

has  been  given  for  the  alumlntim/quartz  system.  If  a  less  stable  product, 

such  as  a  spinel,  were  to  be  proposed  In  the  above  reaction,  as  opposed  to 

the  alvunlnate,  SIAI2OJ,  then  the  calculated  contact  angle  would  be 

greater  and  In  closer  agreement  with  the  measured  values. 

Considering  the  applicability  of  bulk  thermodynamic  quantities  to  the 
calculation  of  Interfaclal  reactions,  the  proposed  thermodynamic 
evalviatlon  of  the  alumlnum/slllcon  carbide  Interface  Is  plausible.  The 
magnitude  of  the  calculated  Interfaclal  surface  tension  and 
7^^cos9  term  are  In  reasonable  agreement  with  the  measured 
values  in  this  Investigation.  This  technique  can  be  extended  to  other 
metal/ceramlc  systems,  such  as  transition  metal/saphlre  Interfaces,  where 
Interfaclal  compounds  such  as  spinels  are  known  to  form. 


2.4  Conclusions 


The  conclusions  from  this  analysis  for  the  vetting  of  aluminum  on 

Q-SiC  are  as  follows; 

1)  Interfacial  surface  tension  is  strongly  influenced  by  the 
oxidation  of  aluminum. 

2)  Alloying  elements,  such  as  Mg  and  Li  with  lower  liquid/vapor 
surface  tensions,  lower  the  magnitude  of  the  interaction 
parameter  by  changing  the  nature  of  the  oxide  at  the  interface 

3)  In  the  event  SiC  oxidizes,  the  vetting  of  aluminum  on  SIC  is 
enhanced  (lower  7^^cos5). 
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3.0  PREDICTIONS  OF  INTERFACIAL  PROPERTIES 


3 . 1  Introduction 

There  are  many  applications  In  advanced  materials  processing  today 
where  the  joining  of  a  ceramic  to  a  metal,  or  the  incorporation  of  a 
ceramic  reinforcement  into  a  metal  matrix,  is  the  single  most  important 
factor  in  controlling  the  ultimate  performance  of  the  finished  product. 
These  composite  materials  must  often  be  processed  without  any  real 
understanding  of  the  mechanics  or  chemical  Interactions  at  the 
metal/ceramic  interface.  While  predictive  models,  both  theoretical  and 
empirical,  have  been  developed  to  describe  atomic  and  bulk  interactions 
between  dissimilar  materials,  these  models  are  either  limited  in  scope  or 
experimentally  unsubstantiated. 

The  objective  of  this  investigation  was  to  predict,  prior  to 
fabrication,  the  interfacial  bond  strength  of  metal/ceramlc  composites, 
such  as  SiC/aluminum,  in  terms  of  measurable  quantities.  Hence,  the 
approach  was  to  develop  a  predictive  model  in  terms  of  the  free  surface 
properties  of  the  components  at  the  interface  and  to  corroborate  predicted 
Interfacial  energies  with  actual  measurements  of  interfacial  properties. 

3.1.1  The  Concent  of  the  Interfacial  Bond  Energy 

The  Interfacial  bond  energy  between  compounds  A  and  B,  by 
construction,  is  proportional  to  the  individual  free  surface  energies  and 
a  chemical  interaction  energy. 
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The  following  simple  energy  expression,  developed  by  Miedema  (1)  for 
metal/metal  interactions,  is  applied  to  the  general  metal/ceramic  case: 


Bond 

AB 


0.85 


s,o 

t'b  > 


ss 

^chem 


where ; 


and: 


ss 

chem 


2.5  X  10 


-9  AH^ 


AH^  -  integral  heat  of  mixing 
-  molar  volume 


(3.1) 


As  illustrative  examples,  the  calculated  interfacial  bond  energies, 

^^bond^  between  aluminum/aluminum  free  surfaces  and  copper/copper 
free  surfaces,  using  the  above  relation,  are  given  in  Table  3.1.  These 
calculated  interfacial  bond  energies  are  compared  to  the  approximate 
'cohesive  energy'  of  a  plane  (100)  of  atoms  in  the  FCC  unit  cell.  The 
trend  in  the  calculated  ®  is  consistent  with  the  internal 

cohesive  energy  calculations. 

The  interfacial  bond  energy  then,  depends  on  the  measured  quantities, 
y*’°  and  For  most  metal/metal  systems,  7qheM’ 

much  less  than  the  sum  of  the  two  surface  free  energies.  For  most 
metal/ceramlc  systems,  the  solubility  of  one  component  in  the  other  is 
very  low;  however,  the  magnitude  of  y^^  can  be  quite  significant. 

Thermodynamically,  y®®  is  proportional  to  the  enthalpy  of 
compound  formation  at  the  metal-ceramic  interface.  Bulk  thermodynamics 
is  not  a  sufficient  measure,  however,  of  near  surface  thermodynamic 
behavior  and  careful  consideration  is  necessary  when  selecting 
thermodynamic  quantities  from  the  literature.  Metal/ceramic  interfaces 
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TABLE  3.1  -  Calculated  Interfacial  Bond  Energies  of 
Al/Al  and  Cu/Cu  Interfaces 


Element 


s.o  J_ 
7i  (  2) 
_ m 


-A7 


BOND  J_. 
1  ^  2^ 


m 


Cohesive  ^ 
Energy  (J/m  ) 


% 


A1 

Cu 


1.2 

1.4 


2.04 

2.38 


3.31 

4.26 


62 

56 


L 


are  characterized  by  low  symmetry.  Compounds  which  form  in  the  interphase 
region  tend  to  Increase  the  symmetry  and  stability  between  the  metal  and 
the  ceramic.  Since  strong  metal/ceramlc  bonds  will  typically  contain 
interface  compounds  that  are  more  stable  than  either  the  metal  or  the 
ceramic  near  the  interface,  the  near  surface  thermodynamic  stability  of 
the  ceramic  or  the  metal  will  affect  metal/ceramic  bonding  (i.e.  this 
suggests  that  disruption  or  destabilization  of  near  surface  properties  of 
the  ceramic  can  enhance  metal/ceramic  bonding) . 

The  predictability  of  the  Interfacial  bond  strength  in  metal/ceramic 
systems  is  ultimately  dependent  upon  the  accuracy  of  this  interaction 
term.  Measurement  of  internal  Interfaclal  properties  at  near  atomistic 
levels  is  experimentally  difficult  to  obtain;  however,  the  optical  method 
outlined  in  this  Investigation  is  one  approach.  Metal-ceramic  free 
surface  energies  and  the  chemical  interaction  term  are  to  be  discussed 
separately  in  subsequent  sections. 


3.1.2  Surface  Free  Energies 

The  surface  free  energies,  7^’°,  are  difficult  quantities  to 
measure  directly,  although  empirical  correlations  to  bulk  material 
properties,  such  as  cohesive  energy  and  heats  of  vaporization,  have  been 
developed.  Conceptually,  the  surface  energy  is  related  to  the  bulk  latent 
heat  of  vaporization,  and  adjusted  for  the  reduced  number  of  nearest 
neighbor  atoms  at  a  crystal  surface. 

The  surface  energy  is  also  related  to  the  behavior  of  electrons  in 
the  valence  band  region.  As  the  nearest  neighbor  atomic  environment 
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changes,  through  surface  reconstruction  or  chemical  interaction,  the 
electronic  energy  levels  shift  and/or  broaden  accordingly.  The  shifts  of 
the  valence  electron  levels  relate  to  changes  in  the  overall  interfacial 
energy.  To  measure  valence  band  structure  changes  or  transitions,  which 
are  on  the  order  of  0.5-10  ev  in  metals  and  semiconducting  materials,  the 
magnitude  of  the  excitation  or  Incident  energies  must  be  at  least  in  the 
optical  region  of  the  electromagnetic  spectrum. 

In  this  study,  surface  free  energies  for  the  ceramic  and  the  metal 
are  predicted  from  empirical  relations  that  relate  valence  electron 
transitions  to  the  cohesive  energy  or  surface  free  energy  of  a  compound. 
The  cohesive  energy  relation  for  semiconductors  (ceramics)  is  from 
Phillips  and  Van  Vechten  (2).  The  surface  energy  relation  for  metals  was 
developed  as  part  of  this  investigation  and  will  be  presented  in  the  next 
section. 

3 . 1 . 2 . 1  Surface  Energy  for  Ceramics 

According  to  Phillips  for  Group  IV  semiconductor  (ceramic)  compounds: 

cohesive  a  AG°  [1  -  a’^/^f^(AB)]  (3.2a) 

energy 

where:  AG°  =»  scaling  factor 

a  »  lattice  constant 

fj^(AB)  -  ionic  ordering  energy  (ionicity) 
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The  lonlclty  parameter  is  related  to  the  dielectric  function  of  the 
ceramic  substrate  or  the  optical  absorption  characteristics  of  the  solid. 

Using  Phillips  expression  for  cohesive  energy,  and  realizing  that 
surface  energy  is  proportional  to  the  cohesive  energy  of  the  solid,  a 
surface  energy  expression  for  ceramic  substrate  would  have  the  following 
form: 


7®’°  -  7°[1  -  a‘^/^f^(AB)]  (3.2b) 

where  7°  -  scaling  factor  similar  to  AG°, 

The  above  expression  is  an  extension  of  Phillips  work,  but  will 
provide  a  basis  for  measuring  the  'average'  surface  energy  of  a  ceramic 
substrate. 

3. 1.2. 2  Interaction  Parameter 

In  addition  to  the  cohesive  energy  expression,  Phillips  developed  an 
empirical  expression  for  the  enthalpy  of  formation  of  Group  IV  type 
compounds.  Phillips'  expression  provides  a  basis  for  evaluating 
the  'chemical  interaction'  term  of  the  interfacial  bond  (see  Eqn.  3.1. 
According  to  Phillips : 

“ab  -  ‘"o 


AB 


••  covalent  energy  not  lost  by  dehybridization  from 
d-levles  (a^  -  lattice  constants) 
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2  2 

[1  -  b(”)  ]  metallization  (E.  and  E  refer  to  direct  band  gaps) 

£  £ 

f^(AB)  -  ionic  ordering  energy  (determined  from  dielectric 

constant) 

Except  for  a  scaling  factor,  and  the  lattice  constants,  a^, 

the  remaining  terms  can  be  determined  from  optical  measurements .  Values 

of  AHy^g,  calculated  by  Phillips,  are  compared  to  AH^g  values 

measured  by  calorimetry  in  Table  3.2.  Calculated  values  are  within  10%  of 

the  measured  values . 

Considering  for  example  the  compounds  found  in  a  SiC-reinforced 
aluminum  matrix  composite  (i.e.  SiC  and  Al^C^),  and  using  Phillips 
experimental  spectroscopic  data  for  SiC  and  Eqn.  3.3  above,  the  AH's 
for  Sic  and  Al^C^  were  calculated  and  presented  in  Table  3.2.  The 
isotoropic  band  gap  Eg  for  Al^C^  from  these  calculations  is  8.4  eV. 
Measured  values  are  also  presented  in  Table  3.2  for  comparison. 

The  form  of  Phillips  equation  is  significant  since  covalent, 
metallic,  and  ionic  type  bonding  contributions  are  all  included;  and  all 
types  of  bonding  contribute  to  the  observed  electronic  transitions.  This 
approach  links  together  the  possible  fundamental  bonding  types  that  occur 
at  Interfaces  to  experimentally  measurable  parameters;  i.e.  the 
correlation  between  measurable  optical  transition  energies  to  cohesive  and 
formation  energies.  Hence,  any  condensed  matter,  regardless  of  relative 
contributions  from  each  bonding  types,  should  manifest  a  good  correlation 
between  optical  transition  energies  and  cohesive  energy.  It  is  this 
approach  which  spirited  the  development  of  a  surface  free  energy 
model/expression  for  metallic  materials  which  is  subsequently  presented  in 


the  next  section. 
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TABLE  3.2 

-  Enthalpies  of  Formation 

(Kcal/mole) 

Crvstal 

-AH^Philllos') 

-AHfexo^ 

ZnSe 

39.8 

39.0 

InSb 

9.0 

7.3 

GaP 

24.8 

24.4 

SIC 

24.7 

17.1* 

A1j^C3 

-52.2 

51.5* 

★note : 


Ref . ,  JANAF  TABLE 


3.2  Surface  Energy  Relation  for  Metals 

Although  Phillips'  approach  was  developed  for  Group  IV  ceramic 
compounds  which  are  partially  ionic  and  partially  covalent,  the  model  does 
not  work  for  compounds  with  only  metallic  bonds.  Since  there  appeared  to 
be  no  direct  correlation  between  measurable  electronic  transition  energies 
and  the  cohesive  energy  in  metals,  such  an  empirical  correlation  was 
developed  as  part  of  this  study. 

The  origin  of  observable  valence  electron  transitions  in  the 
absorption  spectra  of  metals  can  vary,  depending  on  whether  the  metal  is 
an  alkali,  polyvalent,  transition,  or  noble  metal.  In  transition  metals 
for  example,  measurable  electronic  transitions  occur  from  the  upper 
d-level  to  the  Fermi  level  and  from  the  lower  d-level  to  the  Fermi  level. 
Friedel  (3)  has  correlated  d-band  broadening  (l.e.  width)  effects  to  the 
cohesive  energy  in  a  transition  metal.  Knowing  upper  and  lower  d-levels 
with  respect  to  a  reference  energy  level,  the  band  width  can  be  calculated 
and  related  to  the  cohesive  energy  in  a  transition  metal. 

In  some  metals,  such  as  aluminum  or  magnesitim,  which  are  polyvalent, 
there  are  no  d-bands  and  the  valence  electronic  structure  is  characterized 
as  nearly  free  electron  bands,  weakly  perturbed  by  Bragg  reflection 
planes.  The  interaction  of  the  Fermi  sphere  with  Bragg  reflection  planes 
results  in  characteristic  electronic  transitions  between  'parallel  bands'. 
This  parallel-band  effect,  which  is  structural,  along  with  the  kinetic, 
free-electron  like  effect,  are  the  essence  of  the  cohesive  energy 
expression  for  polyvalent  metals. 

In  a  less  ordered  state,  such  as  a  liquid,  Fapazian  (4)  was  able  to 


relate  the  surface  tension  of  molten  metals  to  the  plasma  frequency.  In 
this  state,  the  electronic  structure  could  be  considered  as  free  electrons 
having  a  collective  characteristic  frequency  (the  plasma  frequency) 


and  the  magnitude  of  the  plasma  frequency  was  shown  to  predict  the 
cohesive  energy  of  the  material.  A  solid,  however.  Is  more  ordered,  and 


an  additional  term  Is  needed  to  account  for  the  electronic  structure.  For 
polyvalent  metals,  this  'parallel-band'  transition  energy,  V2,  Is 
considered. 

The  following  equation  for  polyvalent  metals  Is  therefore  proposed: 


<3. 4) 


In  Eqn.  3.4,  03^  Is  a  characteristic  electron  frequency  that  Is 
determined  optically  from  the  dielectric  function;  for  nearly  free 
electrons,  this  frequency  Is  equal  to  the  plasma  frequency.  V2  Is  a 
'parallel-band'  transition  energy.  The  electron  density,  n,  appears  as  a 
result  of  the  surface  area  of  the  Fermi  sphere.  The  values  for  V2  are 
from  the  predicted  parallel-band  absorption  edges  of  Harrison  (5) .  In 
nearly  every  case,  the  strongest  predicted  edge  is  used  In  the  calculation 
of  Since  there  are  limited  optical  absorption  measurements  on 

polyvalent  metals,  Harrison's  predicted  transition  energies  for  V2  were 
the  only  consistent  set  of  values  available.  For  some  metals,  such  as 
aluminum,  the  predicted  absorption  edges  are  within  5%  of  the  measured 
values . 

A  plot  of  (hWp)^/^(V2)^/^n^/^  versus  7®'°  (measured  surface  tensions 
at  CK  (6))  for  polyvalent  metals  Is  shown  In  Fig.  3.1.  To  extend 
this  model  to  other  metal  types,  copper  was  Included  as  an  example. 

Copper  Is  a  noble  metal  with  filled  d-shell  and  no  parallel  band 
transitions.  Yet,  the  transition  from  the  upper  d-level  to  the  Fermi 
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level  seems  to  fit  veil  in  the  proposed  correlation.  This  Is  not 
surprising  when  considering  Frledel's  correlation  for  transition  metals 
with  unfilled  d-shells.  In  the  copper  case,  the  position  of  the  upper 
d-band,  rather  than  the  width  of  the  d-band,  appears  more  appropriate. 

3 . 3  Experimentation 

For  ceramic  materials,  standard  optical  absorption  measurements  are 
used  to  determine  direct  Interband  transitions  in  the  valence  band. 
However,  In  metals,  the  absorption  from  free  electrons  mask  the 
absorptlon/osclllatlons  from  'bound'  electrons  In  the  optical  spectra. 
Conventional  spectral  reflectance  measurements  of  metals  lack  sharp 
structure  due  to  the  spreading  of  energy  levels  into  energy  bands.  Using 
differential  optical  reflectance,  or  modulation  spectroscopy  In  this  case, 
critical  Interband  transitions  (due  to  'bound'  electrons)  are  resolved  In 
an  otherwise  featureless  spectra.  The  derivative  of  the  \inperturbed 
reflectance  spectra  is  measured  with  respect  to  an  external  parameter, 
such  as  electric  field.  Incident  photon  wavelength,  or  sample  composition. 

For  this  Investigation,  the  proposed  surface  free  energy  expression 
for  metals  was  verified  using  differential  optical  reflectance.  Sample 
composition  was  used  as  the  external  parameter  to  modulate  the  electronic 
structure . 

To  Illustrate  the  concept  of  composition  modulation,  a  schematic  band 
structure  of  copper,  showing  the  effect  of  solute  addition.  Is  given  In 
Fig.  3.2.  The  structure  is  centered  at  the  L-symmetry  point  (111).  This 
schematic  shows  the  change  In  band  energy  for  different  crystallographic 
directions  In  reciprocal  space.  The  solid  and  dashed  lines  refer  to  a 
pure  copper  and  a  dilute  copper-based  alloy  respectively. 


In  a  composition  modulation  spectrum,  the  lattice  periodicity  is 
retained,  the  optical  transitions  remain  vertical,  and  interband 
transition  energy  changes  with  the  perturbation  (i.e.  and  Eg  in 
schematic).  Any  change  in  the  energy,  within  a  hundredth  of  an  electron 
volt,  results  in  a  large  peak  in  the  differential  spectirum.  These 
characteristic  transitions,  which  occur  at  'critical'  points  in  the  band 
structure,  relate  to  the  surface  energy  relation  (A).  As  a  means  for 
comparison  and  calibration  with  similar  reflectance  work  (7) ,  copper-zinc 
alloys  were  used  in  this  study. 

A  schematic  of  a  typical  differential  reflectance  apparatus  is  shown 
in  Fig.  3.3.  The  fiber  optic  bundles  are  not  typical,  but  rather  a 
special  modification  for  these  tests.  Unpolarized,  monochromatic  light 
from  the  source  strikes  the  samples  at  near  normal  incidence.  The 
reflected  light  is  electronically  processed  to  yield  AR/R- 
2(R2^-R2)/(Rj^+R2)  •  Owing  to  the  nature  of  the  differential 
reflectance  technique,  the  effects  of  instrument  parameters,  such  as 
background  noise,  or  intensity  fluctuations,  are  effectively  eliminated. 

For  this  experimentation,  the  optical  configuration  of  a  Carey  14 
Spectrophotometer  was  modified  to  process  reflective  signals.  To  reflect 
light  to  and  from  the  samples,  fiber  optic  bundles  were  Inserted  into  the 
light  path  at  the  point  where  it  enters  the  photocell.  The  analog  output 
of  the  Carey  14  is  the  ratio  of  the  transmitted  or  reflected  intensities 
between  the  sample  and  reference  beams.  In  terms  of  differential 
reflectivity,  the  output  transmission,  T,  from  the  Carey  14  is  equal  to 
1-AR/R. 
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To  resolve  features  in  copper's  electronic  structure,  solute 
composition  variations  should  be  no  more  than  1-2%.  The  observed 
modulation  spectrum  is  for  the  average  zinc  concentration  between  the 
reference  and  sample  compositions.  For  these  preliminary  tests,  however, 
the  compositional  variation  between  samples  was  sometimes  more  than  2% 
even  though  the  mean  value  is  reported. 

3.4  Discussion  of  Differential  Reflectance  Measurements 

Results  from  the  reflectance  measurements  for  copper-zinc  alloys  are 
shown  in  Fig.  3.4.  The  horizontal  dashed  line  is  the  differential 
reflectance  response  between  Identical  specimens.  This  line  essentially 
represents  the  absorption  characteristics  of  the  acrylic  fibers.  For  each 
set  of  samples,  a  reflectance  spectrum  was  measured  with  the  low  zinc 
sample  placed  in  the  reference  beam.  Another  spectrum  was  then  measured 
with  the  high  zinc  sample  placed  in  the  reference  beam.  The  absorption 
peaks  are  more  easily  discerned  when  these  'positive'  and  'negative' 
spectra  are  superimposed. 

The  results  indicate  that,  as  the  zinc  concentration  increases,  the 
characteristic  transition  energy  from  the  upper  d-level  to  fermi  level 
also  increases  (shown  by  the  vertical  dashed  line).  Our  results  are 
within  0.03  eV  of  the  reported  results  from  Hummel  et  al  (7). 

Having  measured  the  transition  energy,  V2,  and  determined  the 
surface  energy  from  Eqn.  3.4,  the  Interfacial  bond  energies  versus  solute 
additioi  for  the  copper/copper -zinc  system  were  calculated  (using  Eqn. 

3.1.  These  results,  using  data  from  this  study,  are  shown  as  the  dashed 
line  in  Fig.  3.5.  Using  transition  energy  data  from  Hvimmel  et  al  (7), 
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Interfaclal  bond  energies  for  other  copper/copper  alloy  systems  were  also 

calculated  and  plotted  In  Fig.  3.5. 

Interfaclal  bond  energies  for  metal/ceramlc  Interfaces  can  readily  be 

calculated  using  the  methodology  outlined  above.  For  example,  asstuning  a 

pure  copper/SlC  Interface,  and  assuming  negligible  effects  from  the 

Interaction  parameter  (l.e.  7®*”0) ,  the  projected  Interfaclal  bond 

2 

energy  was  calculated  to  be  on  the  order  of  3.0  J/m  . 

Although  not  measured  In  this  study,  the  optical  transitions  for 
alumlntun/alumlnum  alloys  could  be  measured  with  differential  ref lectometry 
and  used  to  calculate  surface  energies  according  to  Eqn.  3.4.  Transition 
energies  for  aluminum,  aluminum-magneslvim,  and  aluminum- lithium  were 
determined  by  Benbow  and  Lynch  (8)  from  low  temperature  (4°K)  thermal 
conductivity  measurements.  It  should  be  noted  that  thermal  conductivity 
measurements  In  metals  are  limited  to  low  temperatures.  As  the 
temperature  Increases,  the  strength  of  the  free  electron  absorption 
Increases  and  the  characteristic  transition  energies  cannot  be 
determined.  Using  differential  ref lectometry ,  however,  these  transition 
energies  can  be  resolved  at  room  temperature.  Nevertheless,  surface 
energies  were  determined  for  aluminum  and  aluminum  alloys  from  transition 
energy  measurements . 

The  calculated  Interfaclal  bond  energy  (from  Eqn.  3.1)  for  the  pure 

alumln\im/SlC  system,  asstimlng  no  carbide  formation.  Is  equal  to  2.9 
2 

J/m  .  If  aluminum  carbide  were  to  form  between  the  aluminum  matrix  and 
the  SIC  reinforcement,  then  the  Interaction  parameter,  oAH^CAl^C^) , 

Is  added  onto  the  Intrsrfaclal  bond  energy.  The  calculated  Interfaclal 
bond  energy  for  this  case  is  equal  to  3.07  J/m  .  These  predicted  bond 
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energies  are  ~50%  greater  than  the  predicted  cohesive  energy  for  pure 
Al-Al  bonds. 

The  effect  of  alloy  addition  on  the  Al/SlC  bond  energy  Is  shown  In 
Fig.  3.6.  This  analysis  only  takes  Into  account  the  chemical  Interaction 
between  the  substrates  and  there  Is  no  mechanical  or  dlffuslonal 
contribution. 

3.5  Conclusions 

A  method  was  developed  In  this  study  to  correlate  the  characteristic 
transition  energies  In  metals  to  the  free  surface  energies  of  the  solid. 
These  surface  energies  were  used  In  conjunction  with  the  cohesive  energy 
expression,  developed  by  Phillips  et  al,  for  semiconductor  (ceramic) 
materials  to  predict  metal/metal  and  metal/ceramlc  bond  energies . 

A  key  aspect  of  this  Investigation  was  the  Incorporation  of  an 
optical  technique,  differential  ref lectometry,  to  measure  the 
characteristic  transition  energies  In  the  valence  band  structure  of 
metals .  Although  standard  optical  absorption  measurements  are  used  to 
measure  direct  band  gap  transitions  In  semiconductors,  the  differential 
reflectance  technique  Is  used  to  enhance  the  'critical'  Interband 
transitions  In  metals.  The  conceptual  format  of  the  above  surface  energy 
correlation  for  metals,  along  with  the  sensitivity  of  the  Carey  14 
Spectrophotometer  adapted  for  these  measurements,  was  validated  with  a 
copper/zinc  alloy. 

Using  the  predicted  surface  energies,  based  on  optical  parameters, 
and  Mledema's  bond  energy  relation,  Interfaclal  bond  energies  were 
presented  for  copper/copper  alloys,  alvunlnum/alumlnum  alloys,  and  the 
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3.6  Interfacial  bond  energy  as  a  function  of  solute  concentration 
for  aluminum/SiC  system. 


metal/SlC  systems.  These  predicted  InterfaclaL  energies  are  part  of  an 
ongoing  effort  to  understand  metal/ceramlc  Interfaclal  bond  strengths  In 
terms  of  measurable  electronic  parameters . 
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4 ■ 0  FUTURE  WORK 

Research  will  continue  to  emphasize  better  ways  to  evaluate 
Interfaclal  bond  strength  and  to  characterize  and  optimize  the 
Infiltration  kinetics  of  metal  matrix  composites. 

4.1  Infiltration  Kinetics 

Further  study  of  the  Incubation  phenomenon  Is  In  progress.  Emphasis 
will  be  placed  on  alloying  effects,  especially  concentrating  on  additions 
of  magnesium  and  silicon  to  pure  aluminum.  Preliminary  feasibility  tests 
are  In  progress  Investigating  unique  ways  to  Infiltrate  graphite  by 
magnesium.  Further  studies  are  Investigating  new  methods  of  applying  a 
force  to  the  metal  Inflltrant  so  as  to  more  readily  overcome  the 
Incubation  resistance. 

4.2  Wettability  Studies 

Research  will  continue  to  refine  the  accuracy  with  which  wetting 
tendencies  can  be  calculated  from  first  principles.  These  calculations 
will  be  substantiated  by  experimental  capillary  rise  measurements  as 
described  In  Section  2.0. 

4.3  Predictions  of  Interfaclal  Properties 

I  Research  In  electronic  bond  strength  prediction  Is  expected  to 

continue  In  the  following  three  areas; 


1. 


Differential  optical  reflectance  studies  of  metals  and  alloys. 
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Optical  absorption  characterization  of  ceramic  substrates . 

Optical  reflectance  measurements  of  Al/SlC  Interfaces.  Since 
SIC  Is  transparent  to  electromagnetic  radiation  In  the  visible 
frequency,  the  surface  state  modifications  In  aluminum  can  be 
measured  directly  by  transmitting  the  beam  through  a  thin  SIC 
layer . 
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